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Background. Cloned glomerular endothelial cells (GENC)
have many potential uses and applications in immunologic and
physiologic studies. Propagation of GENC has been difficult
and available homogenous GENC, particularly from mice, are
limited. Herein we report isolation, cloning, propagation, and
characterization of GENC from mice.
Methods. tsA58 immorto mice were used to isolate glomeru-
lar cells. Glomeruli were isolated by differential sieving, and
decapsulated explants were cultured in permissive and opti-
mal conditions for endothelial cells. The primary cells from
glomerular outgrowths were expanded, taking advantage of the
temperature-sensitive tsA58 gene, and then the cells were al-
lowed to undergo spontaneous transformation. The cells were
then sorted using anti-CD31 antibodies and their capacity to
uptake acetylated-low-density lipoprotein (LDL). Individual
subclones isolated by patch cloning were characterized using
multiple markers.
Results. One of the homogenous clones was morphologically
endothelial-like, positive for CD31, CD106, CD62E, CD54, and
acetylated-LDL uptake, formed tubes, and was negative for ep-
ithelial and mesangial cell markers. The functional properties of
this GENC clone appeared to be intact, and signaling pathway
was not altered. Two of the clones displayed the characteristics
of either visceral epithelial or mesangial cells.
Conclusion. The identified clones should have utility in mul-
tiple areas of investigation.
Cloned glomerular endothelial cells have many poten-
tial uses and applications in immunologic and physiologic
studies. Although mesangial and parietal epithelial cells
are relatively easy to derive, propagation of glomerular
endothelial (GENC) or visceral epithelial cells has been
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more difficult [1]. Herein we report isolation, cloning,
propagation, and characterization of GENC from mice.
The methodologies used to isolate the cells, along with
the individual clones, should be useful for investigation
in multiple areas.
METHODS
Mice and cells
Female H-2Kb-tsA58 mice, on the (CBA/Ca × C57BL/
10)F1 background, transgenic for temperature sensitive
SV40 TAg working under a promotor containing the in-
terferon (IFN) c sensitive H-2Kb 5′ promoter sequences
fused to the tsA58 early region gene [2], were purchased
from Charles River Laboratories (Wilmington, MA,
USA). Baseline histology on tissues, and 24-hour urine
protein excretion, were determined as described [3]. The
following cells were generously provided or purchased
from American Type Culture Collection (ATCC; Manas-
sas, VA, USA) for use as control during the study: mouse
aortic endothelial cell line (from R. Auerbach); normal
and tg mouse GENC lines (from L. Striker); mouse vis-
ceral epithelial cell line MPC-5 (from P. Mundel); hu-
man epithelial cell line A431 (from P. Jensen); human
monocytic cell line U937 (from D. Campbell); and mouse
mesangial cell line SV40-MES13 [4].
Isolation and cloning of glomerular cells
Glomeruli were isolated from mice by differential
sieving as described [5], treated with collagenase (1:1;
C6885:C5138; Sigma, St. Louis, MO, USA) [6], plated
in precoated dishes (mixture of mouse collagen type
IV and human fibronectin) [4], and cultured in permis-
sive conditions (33◦C) in Dulbecco’s modified Eagle’s
medium (DMEM):F12 supplemented with 20% fetal
bovine serum (FBS), 100 U/mL mouse IFN-c (Biosource
International, Camarillo, CA, USA), 1% Trace Ele-
ments Mixture (Collaborative Research, San Diego,
CA, USA) and 62.5 lg/mL Endothelial Cell Growth
Supplement (Collaborative Research) or 2.5 to 0.5 ng/
mL vascular endothelial cell growth factor (VEGF)
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On days 7 to 14, outgrowths from individual glomeruli
were isolated by ring cloning and cultured. After cells
were expanded to sufficient numbers for cloning, the cul-
ture condition was shifted to nonpermissive condition
(37◦C, without IFN-c) to allow cells to undergo sponta-
neous transformation [7]. For cloning of GENC, initially
CD31+ cells were sorted using rat antimouse CD31 anti-
body (Ab) (Immunotech-Coulter, Miami, FL, USA) and
magnetic beads (Polysciences, Warrington, PA, USA)
according to the manufacturer’s instructions. After cul-
ture of cells in D-valine substituted complete medium
(Gibco-Invitrogen, Carlsbad, CA, USA) to remove fi-
broblasts, the cells were enriched by electronic sorting
[6] using BOIDPY-labeled acetylated-LDL (Molecular
Probes, Eugene, OR, USA) (9.5 lg/mL) and subcloned
by patch cloning [4] with needle aspiration.
Characterization of glomerular cell clones
Cell shape and colony morphology were evaluated un-
der the microscope. Cell size was evaluated based on flow
cytometric data on forward scatter. For doubling time de-
termination, cells per field were counted. The capacity
of cells to form tubular structures on gelatin was deter-
mined after culture of cells in fresh VEGF (2.5 ng/mL)-
supplemented medium as described [8]. Contraction was
assessed by exposing 16-hour-old cells to angiotensin II
(Ang II) [9].
Indirect fluorescent microscopy
Cells were fixed with formaldehyde and stained
with control Ab versus either: Ab against Factor-VIII
(F-VIII), high- and low-molecular-weight cytokeratins,
Wilms’ tumor protein (Dako, Carpenteria, CA, USA),
or synaptopodin (Progen, Heidelberg, Germany), using
fluoroscein isothiocyanate (FITC)-labeled donkey an-
tirabbit or mouse immunoglobulin IgG (Jackson Im-
munoresearch, West Grove, PA, USA) as secondary
Ab as described [10]. For determination of acetylated-
LDL uptake, the cells were incubated with DiI-labeled-
acetylated-LDL (Biomedical Technologies, Stoughton,
MA, USA) and tested according to the manufacturer’s
instructions.
Flowcytometric analysis/cell—ELISA
Single cell suspensions were stained with isotype-
matched antimouse Ab versus Ab against mouse CD31
(Southern Biotechnology Associates, Birmingham, AL,
USA) and CD54 (Immunotech) [11]; biotin-labeled
isotype-matched antimouse Ab versus Ab against mouse
CD62E and CD106 (Pharmingen), using FITC-labeled
goat antirat IgG (Jackson Immunoresearch) or avidin-
FITC (Pharmingen) as secondary Ab. For detection of ac-
Table 1. Characteristics of representative glomerular clones
Clone 7 Clone 4 Clone 2
(GENC) (visceral epithelial) (mesangial)
Shape Polygonal Polygonal (arborized Elongated
at subconfluency cells at lower
frequency)
Size Small Medium Medium
Colony morphology Compact Loose Loose
Doubling time hours 35 50 15
Acetylated-LDL High Low Low
uptake
CD31 + – –
CD54 + + –
CD106 + + +
CD62E + – +
Epithelial markers – + –
Tube formation + – –
Contraction – – +
Results for Ac-LDL uptake were presented semiquantitatively as low or high;
other results were presented as positive (+) or negative (−) based on fluorescence-
activated cell sorter (FACS) data or appearance (see text).
tivation markers, the cells were stimulated with 10 ng/mL
mouse recombinant TNFa (Biosources International) for
15 hours, or 25 ng/mL for 5 hours before staining. Some
of the results were confirmed by cell enzyme-linked im-
munosorbent assay (ELISA) as follows: the cells were
fixed with formaldehyde, blocked with 3% casein, and
stained with Ab against either mouse CD31, CD54, and
CD106 (Pharmingen). After conjugation and washing,
color development was measured as described [12].
All assays were performed with multiple aliquots and
confirmed. For ELISA, a minimum of a two-fold differ-
ence was judged to be positive, whereas for fluorescence-
activated cell sorter (FACS), a minimum of a log-fold
difference in binding above the negative control was as-
sessed as positive. In all cases multiple controls and crite-
ria were used during characterization study. None of the
clones reported changed characteristics during the study.
RESULTS
At the time of sacrifice (5 to 7 weeks) the kidneys ap-
peared grossly normal and the histology was also normal.
In follow-up for 8 months, proteinuria was not detected,
and the other tissues appeared to be grossly normal, with
the exception that two of the animals had a thymoma
(∼1 cm) that developed from proliferation of neoplastic
epithelial cells.
Cellular outgrowths were present in most adherent
decapsulated glomeruli. During CD31 sorting, multiple
beads were observed around/in most of the cells. The cells
tolerated the D-valine substituted complete medium.
During electronic sorting, 10% of the cells with the high-
est capacity to uptake acetylated-LDL were collected.
After patch cloning, eight colonies were isolated; four sur-
vived and were further characterized. The specifications
of three representative clones are indicated in Table 1.
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Fig. 1. Characteristics of glomerular endothelial cells (GENC). The homogenous population of cells was relatively small and polygonal (20×
magnification) (A). The GENC cells (left) took up DiI-labeled-acetlylated-LDL, whereas others did not (right). Fluorescent-labeled particles were
visible inside the positive cells (40× magnification) (B). Tube formation of GENC on gelatin in the presence of vascular endothelial growth factor
(VEGF) (10× magnification) (C). Fluorescent intensity of the cells after staining with fluoroscein isothiocyanate (FITC)-labeled various endothelial
cell markers (CD31, CD62E, CD54, and CD106 as marked) was measured by fluorescence-activated cell sorter (FACS). Positive cells (solid peak)
versus negative control (blank peak bordered with thin lines). The peaks of the activated cell populations after stimulation by TNFa were bordered
with thick lines (D).
Clone 7 was identified as GENC based on its strong
endothelial characteristics. They were relatively small,
polygonal (Fig. 1A), had a 35-hour doubling time, were
strongly positive for acetylated-LDL uptake (Fig. 1B),
expressed CD31, and up-regulated CD54, CD106, and
CD62E expression in response to TNF-a stimulation
(Fig. 1D). GENC was negative for epithelial markers
(cytokeratins, Wilms’ tumor protein, and synaptopodin).
They did not contract in response to Ang II stimulation;
however, they formed tube-like structures in response to
VEGF in medium (Fig. 1C). F-VIII expression was very
weak in GENC, similar to previous reports by others [13].
By inspection, one of the clones appeared to be epithe-
lial, and another one appeared to be mesangial. There-
fore, we pursued a strategy to propagate and characterize
them. The cells of Clone 4 were outgrowths from a deca-
pulated glomerulus. They were relatively large, polygonal
at confluency, some were aborized when cultured at lower
frequency (Fig. 2A and B), had a 50-hour doubling time,
expressed high- and low-molecular-weight cytokeratins,
and Wilms’ tumor Ag; however, they did not express ei-
ther CD62E (in response to TNF-a stimulation), and con-
tracted in response to Ang II stimulation. Interestingly,
synaptopodin expression was detected in these cells by
flourescence microscopy (Fig. 2C).
The cells of Clone 2 (cloned before electronic sorting
using limiting dilution) were relatively large and elon-
gated, had a 15-hour doubling time, contracted vigor-
ously in response to Ang II stimulation (Fig. 2D), but did
not up-regulate CD54 in response to TNFa stimulation,
did not form tubes, and expressed epithelial cell markers.
Neither of the clones expressed CD31 or formed tubes.
We identified these cells visceral epithelial and mesangial
cells, respectively (Table 1).
We took advantage of thermolabile TAg gene product
at permissive conditions for GENC growth in primary
culture. Others had used a similar approach for other
cell types [14–17]. Once a sufficient number of cells was
available for cloning, the culture condition was shifted
to nonpermissive condition. This allowed for easy expan-
sion. Although it has been observed that signaling path-
ways in TAg transgenic or spontaneously transformed
cells may be altered [18], we kept transformed cells in
culture for months, and there was no discernible change
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Fig. 2. Characteristics of visceral epithelial
cells and mesangial cells. The cells of Clone
4 in homogenous population were polygo-
nal in shape (20× magnification) (A). Some
cells were larger and arborized at lower
frequency with spindle-like projections (ar-
rowhead) (20× magnification) (B). The cells
stained positively with anti-synaptopodin Ab
(40× magnification). Control cells did not
stain (not shown) (C). Clone 2 contracted in
response to Ang II stimulation [before (top)
and after (bottom)] (20× magnification) (D).
in phenotype or doubling time, suggesting that the func-
tional properties were not signficantly altered.
DISCUSSION
There are a few aspects of our findings that warrant dis-
cussion. Despite multiple selection steps, CD31 expres-
sion was not uniform among the cells of homogenous
GENC, and only 60% of the cells expressed this marker
(FACS). This did not appear to be caused by the presence
of multiple subclones (i.e., caused by a contamination) be-
cause direct visualization was used to isolate the clones
from single cell outgrowths. The variability in CD31 ex-
pression for GENC differed from murine aortic endothe-
lial cells [6], where >90% of the cells expressed CD31
(data not shown). Although studies will be necessary to
determine whether aortic and GENC respond differently
to physiologic stimuli, different variability in CD31 ex-
pression for different cells suggests that there may be in-
trinsic differences in the cells from different origns. This
is not too surprising given the different physiologic roles
for endothelium in the aorta and renal microvascular bed.
Differences among endothelial cells from different vas-
cular beds (and species) were previously described [19,
20]. We believe that use of endothelial cells selected from
other beds may not reflect the physiologic properties of
GENC in a study.
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Others have reported culture of homogenous mouse
GENC lines from both normal and diseased mice [4, 21]
using differences in isolation strategies, and character-
istics of the cell lines have varied. As we observed re-
versible and irreversible phenotypic variability among
different mouse GENC, it will be interesting to determine
whether this will be associated with variable physiologic
characteristics. In this context, the cells should serve mul-
tiple purposes for different experimental approaches.
Although it was not our intention, visceral epithe-
lial and mesangial clones were also isolated from the
same mice. Although others have described homogenous,
murine visceral epithelial and mesangial cell lines, the
use of clones from the same murine strain should be es-
pecially helpful in studies examining cellular cross-talk,
among other purposes.
CONCLUSION
Using multiple strategies, glomerular endothelial cell
clones were isolated and propagated from mice. These
clones should be useful in immulogic and physiologic
studies.
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